ABSTRACT: According to habitat choice theory, zooplanktonic prey should choose a depth habitat that maximizes food intake while minimizing predation risk. Body size affects competitive ability and vulnerability in zooplankton, thereby influencing the adaptive choice of depth habitat. To study sizedependent habitat choice in marine zooplankton, we sampled their vertical distributions on a finescale with an optical plankton counter (OPC) during a post-bloom condition in late spring on the continental shelf off North Norway. Taxonomic information was obtained from net samples. We found that small and large zooplankton segregated along the water column under resource heterogeneity, with large zooplankton aggregating in the resource-rich habitat together with predators of small zooplankton, in accordance with multi-trophic level habitat choice theory. These patterns of habitat use differ from summer vertical distributions documented in Norwegian waters, when the distribution of small and large zooplankton is reversed. To account for the discrepancy, we propose a new habitat choice model that considers the different predation regimes experienced in spring vs. summer.
INTRODUCTION
The marine pelagic environment is spatially heterogeneous with respect to resources and predators of zooplankton (Pinel-Alloul 1995) . Resource availability and predation risk are often correlated, producing a food and safety axis of heterogeneity, where highresource habitats are riskier (Brown 1998) . Along the water column, sharp vertical gradients of food availability and predation risk occur on a spatial scale that allows an active choice of habitat by zooplankton. The individual zooplankter may therefore optimize foraging by balancing the resource availability and predation risk of visited patches (Leibold & Tessier 1997) . Risk sensitive behaviour by zooplankton might then lead to a negative spatial correlation between zooplankton and their food (Folt & Burns 1999) .
In the absence of predators, individual foragers are expected to distribute themselves so as to optimize net energy intake, using food patches according to an ideal free distribution (IFD), resulting in resource matching (Fretwell & Lucas 1969) . In the presence of predators, prey (foragers) tend to redistribute themselves depending on the hunting habitat of their predators. Habitat choice theory predicts that predators of zooplankton should hunt in the habitat nutritionally most profitable for their prey (Sih 1998 , Lima 2002 , which for planktonic herbivores is most often near the surface. Zooplankton prey should, however, be distributed more uniformly among patches (Sih 1998) . If resource-poor patches offer a refuge from predation, prey aggregation tends to decrease in the resource-rich patches (i.e. undermatching).
Different groups of foragers (e.g. species or size groups) are rarely equally vulnerable to predation and are expected to evolve different habitat choices. Typically, resistant prey, which invest in anti-predator defences, have higher resource requirements and therefore tend to use resource-rich habitats. On the other hand, more vulnerable prey have lower resource demands and can thrive in resource-poor habitats. Due to lower resource requirements, the vulnerable prey will be competitively superior to the resistant prey (Brown 1998) . Accordingly, the vulnerable, but competitively superior prey, is expected to use the nutritionally poor habitat refuge, most often located in the deeper part of the water column, to avoid predation, whereas the resistant prey remains in the food-rich habitat with the predator (Brown 1998 , Primicerio 2005 . Unequal prey competitors are thereby expected to partition the water column, segregating in different depth habitats.
Body size affects competitive ability and vulnerability of zooplankton, influencing the adaptive choice of depth habitat (Woodward et al. 2005) . In particular, zooplankton prey size will determine vulnerability in the presence of size-selective predators. Predators with limited mouth gaps, such as chaetognaths and juvenile fish, feed more efficiently on smaller zooplankton prey (Persson et al. 1996 , Baier & Purcell 1997 . Different zooplankton size groups will also differ in competitive ability. More specifically, zooplankton with larger body sizes attain zero intrinsic growth rates on higher critical food concentrations than smaller zooplankton (Hirst & Bunker 2003) , making the latter group a superior competitor when resources become limited (Tokeshi 1999) . The most efficient species or stage reduces the resource of a habitat to a level that is unfavourable for less efficient species or stages (Brown 1998) , making small zooplankton able to competitively displace larger zooplankton from their chosen habitat. In the presence of predators feeding in a resource-rich habitat, small zooplankton species will choose resource-poor habitats, whereas large zooplankton will overlap with predators (Adler et al. 2001) .
Habitat use consistent with a choice based on foraging and anti-predator behaviour has been shown in a model of krill and penguin behaviour in the Antarctic ocean (Alonzo et al. 2003) and has been generalized in a model for many different marine fish and benthic communities (Dill et al. 2003) . Habitat refuge use has even been shown to cause trophic cascades in marine benthic communities (Grabowski & Kimbro 2005) . Adaptive habitat use is also well documented in lakes (Leibold & Tessier 1997) . The above foraging adaptations are likely to be as important in the marine pelagic as elsewhere (Dill et al. 2003) , but the lack of documentation may be partly due to sampling challenges set by a strongly advective environment.
The present study provides an extensive coverage of zooplankton vertical distribution, with fine resolution data obtained with an optical plankton counter (OPC) during a post-bloom condition in late spring on the continental shelf off North Norway (Fig. 1 ). This extensive sampling protocol allows us to study the repeatability of distributional patterns over a large area, an empirical objective that is not obtainable with traditional net-based sampling. The study presents sizestructured zooplankton data that enable us to illustrate and test to what extent habitat choice may be operating among planktonic consumers in a marine community. In this high-latitude ecosystem the patterns of habitat use involve only few species and are not complicated by diel vertical migration, since the study is performed during midnight sun (Blachowiak-Samolyk et al. 2006) , simplifying the test of habitat choice hypotheses. Our objective was to document adaptive depth habitat use by marine zooplankton, particularly with regard to multi-trophic level habitat choice theory and the use of habitat refuges. Focusing on a 3-trophic level food chain with a gape-limited predator with a preference for small zooplankton, we hypothesized that: (1) where the water column is heterogeneous with regard to resources, small zooplankton prey will undermatch resources and stay mostly in the habitat refuge, whereas large zooplankton prey will overmatch resources; and (2) where the water column is homogeneous with regard to resources, zooplankton prey (large and small) will be distributed uniformly throughout the water column.
MATERIALS AND METHODS
Sampling protocol. The field sampling was undertaken in May 2001 in the southern Barents Sea (Fig. 1) . Sampling of hydrography and zooplankton throughout the water column was performed using an undulating platform (ScanFish MKII, EIVA-GMI), repeatedly towed from the surface down to 100 m depth along transects during 2 sampling periods ( ), scaled from 0 to 10. OPC specification. The OPC automatically counts and measures the size of particles in the size range 0.25 to 14 mm equivalent spherical diameter (ESD), targeting meso-zooplankton to krill. The OPC continuously counts and measures all particles that pass through the sampling tunnel and reports back to the computer every half second (2 Hz). The possible resolution of the OPC is thus dependent on the speed of the towing vehicle, in our case the ScanFish, deployed vertically 100 m in approx. 10 min. Our OPC thus reports for every 8 cm of the water column that is sampled. In this study the zooplankton distribution was recorded in 878 water columns over an area of ca. 116 × 19 km. Hence, the OPC provides size-structured zooplankton data at a spatial and temporal resolution largely superior to net sampling.
An in-depth outline of the OPC is given in Herman (1992) . Considerable effort has been put into studying the OPC's performance in measuring zooplankton. The general conclusion when comparing with net samples is that the OPC can be used to describe zooplankton communities (Heath et al. 1999) . Since the OPC deals with particles rather than species, it may be difficult to tell whether counts originate from zooplankton or nonliving material, but it has been shown that the OPC is capable of making reliable measurements on zooplankton even at high detritus concentrations (Zhang et al. 2000) . Another concern has been whether particles originating from phytoplankton (single cells or aggregates) are being counted by the OPC. The OPC used in our study was tested under post-bloom conditions in May to June 1998 in a high-latitude fjord ecosystem with many of the same features found offshelf, in our study area, by Edvardsen et al. (2002) . The authors of that study observed negative correlations of counts versus fluorescence and concluded that phytoplankton aggregates were very unlikely to contaminate the zooplankton measurements made by the OPC.
OPC data processing and analyses. Integrated OPC size spectrum data of 40 classes of equal log 10 ESD were extracted and used for the analyses. The data for each water column profile (considered 1 sample), from the 3 transects and 2 time periods ( Fig. 1) , were integrated over 2 m depth intervals from 5 to 95 m depth. This integration was necessary to obtain statistically manageable data without too many zero recordings, especially for less abundant size classes (i.e. larger zooplankton). The data set was cut off at each end (surface and bottom) to avoid error recordings due to instrument behaviour (e.g. the ScanFish angle and speed changes when turning). Since the OPC may sample the water column slightly differently in the upward versus downward direction, the results presented are only from downward movements of the OPC. The other half of the data set, from the upward movements of the OPC, was also analysed, giving similar results.
To test the habitat choice hypotheses using OPC data, Pearson correlation coefficients between fluorescence and abundance of small and large zooplankton were calculated to estimate the degree of matching between consumer and resource distributions. The 95% CI of the correlation coefficients were calculated by bootstrapping to avoid biased estimates (Davison & Hinkley 1997) , using the program R. The correlation coefficients were ordered according to maximum fluorescence in each profile, with maximum fluorescence being used as a proxy for the degree of resource heterogeneity throughout the water column. Maximum fluorescence has the advantage of incorporating both the level of blooming and the level of heterogeneity since only 2 patterns of fluorescence distribution throughout the water column were observed: one where the resource level was low in the whole water column (homogeneous columns); and another with a high resource level in one part of the water column (heterogeneous columns). Low maximum fluorescence values were thus from water columns with vertically homogeneous resource levels, whereas high maximum fluorescence values were from water columns with heterogeneous resource levels.
Taxonomic classification of size groups. Before and between the ScanFish sampling periods, net samples of the water column were obtained by MOCNESS at 30 stations (Fig. 1) . The zooplankton community found in the net samples is briefly summarized in Fig. 2 , and has been presented previously by . The coupled sampling by MOCNESS and OPC, and the low diversity of high-latitude pelagic communities, allows us to reconstruct community structure from counts of different size classes. Species present at more than 5% of the total abundance in the MOCNESS samples were assigned to 4 different size groups: 0.25-1.00, 1.00-1.40, 1.40-2.00 and 2.00-14 mm ESD, hereafter referred to as small, medium, large and xlarge zooplankton size groups, respectively (Fig. 2) . The size grouping was based on laboratory experiments running monocultures of live zooplankton species through the OPC. Zooplankton taxa for which OPC size signatures were unavailable were assigned to a size group based on literature values of prosome lengths and body volumes, except for Oikopleura spp., which was estimated to be within a similar size range as that of Mallotus villosus larvae (based on personal observation of live Oikopleura spp. and M. villosus larvae from the nets).
The small zooplankton size group was expected to include mostly Calanus finmarchicus copepodite stages I through III (CI through CIII), but also copepod nauplii (Mauchline 1998) and Oithona similis (Ashjian et al. 2003) . The medium zooplankton size group was expected to include C. finmarchicus CIV and Oikopleura spp. (as well as Mallotus villosus larvae in small proportions). The size group large zooplankton was expected to include C. finmarchicus CV and females (Fig. 2) . According to the net samples, possible contributors to the size group xlarge zooplankton (> 2 mm ESD) included chaetognaths (e.g. Sagitta elegans and Eukrohnia hamata), jellyfish (Medusae spp. and Aglantha spp.) and the amphipod Themisto abyssorum (these species are represented in 'Others', Fig. 2 ), all potential predators on small zooplankton (Baier & Purcell 1997 , Dale et al. 2001 , Dalpadado 2002 , Tönnesson & Tiselius 2005 .
MOCNESS data analyses. The more extensive sampling by ScanFish relative to the MOCNESS limits direct comparison of the distributional patterns found in the data obtained with the 2 sampling devices. Most importantly, the 30 MOCNESS stations were not representative of the full spectrum of fluorescence sampled by the ScanFish (range 0 to 6.6), but covered a smaller fluorescence range from 0 to 2.8. For fluorescence values higher than 3 at the ScanFish stations, heterogeneity in the water column was observed. When testing habitat choice hypotheses that assume resource heterogeneity throughout the water column, our MOCNESS data were therefore less suitable than the OPC data. However, an exploratory analysis of the MOCNESS data was nevertheless useful, since some degree of resource heterogeneity in the water column was indicated at 9 of the 30 stations (max. fluorescence > 1), which allows us to check the distribution of known predators on small zooplankton. At these stations we compared the fluorescence distribution with the distribution of the identified xlarge zooplankton (i.e. the predators: chaetognaths, jellyfish and the amphipod Themisto abyssorum) and the distribution of the most abundant small zooplankter, the herbivore Calanus finmarchicus CIII (Fig. 2) . According to habitat choice theory the predator (xlarge zooplankton) should match the resource (of their prey), and the prey (C. finmarchicus CIII) should undermatch the resource (i.e. use the habitat refuge). 
RESULTS

Patterns in OPC data
The environment in the study area was clearly heterogeneous with respect to resource availability, both horizontally and vertically, as can be seen in the fluorescence data in Fig. 3 (fluorescence panel) . The transect in Fig. 3 includes areas with homogeneous and heterogeneous water columns with regard to fluorescence (i.e. resource availability) in both coastal and oceanic water masses (see Fig. 4 in Fossheim et al. 2005) . However, no relationship between the vertical distribution of fluorescence and physical conditions was found, either with respect to temperature or salinity, or in relation to different water masses. Explanations of the vertical patterns of fluorescence based on oceanographic conditions (e.g. fronts, eddies etc.) are therefore not discussed any further in this paper, but see Fossheim et al. (2005) for a discussion on the observed horizontal patterns.
The distribution of zooplankton abundance obtained with the OPC along the 3 transects was highly patchy both horizontally and vertically. The distribution of the 4 size groups differed, as shown in transect t3, Time 2 (Fig. 3) . Horizontally, the degree of patchiness increased with increasing zooplankton size. Vertically, the degree of patchiness varied depending on fluorescence level, with high fluorescence values associated with high patchiness in all zooplankton sizes. With increasing zooplankton size, overall abundance decreased. There were no indications of diel variation in depth distribution of zooplankton abundance for any size group.
Small zooplankton were systematically absent from fluorescence maxima (Fig. 3, S panel) , whereas medium zooplankton were found on the steep gradient of the fluorescence patch (Fig. 3, M panel) . The abundance of large zooplankton matched fluorescence maxima irrespective of depth (Fig. 3, L panel) , as did the xlarge zooplankton (Fig. 3, XL panel) . Large and xlarge zooplankton were nearly absent from low fluorescence areas. The observed patterns were consistent across time and space, independent of differing physical settings (Fossheim et al. 2005) , and the same patterns in all size groups were repeated in several water column replicates from different water masses.
In heterogeneous environments (max. fluorescence > 3), where fluorescence varied throughout the water column, small zooplankton undermatched resources, being negatively correlated with fluorescence, whereas large zooplankton overmatched resources (Fig. 4) . Hence, small zooplankton were not found in resource-rich patches together with large zooplankton. In homogeneous environments (max. fluorescence < 2), where fluorescence did not vary throughout the water column, small and large zooplankton either matched resources, i.e. were positively correlated with fluorescence, or were uncorrelated with fluorescence (Fig. 4) . Hence, small and large zooplankton were distributed uniformly throughout the water column in low-resource areas. Patterns in MOCNESS data. Resource heterogeneity in the water column was observed at 9 of the 30 MOC-NESS stations (max. fluorescence > 1), and at 8 of these stations the distribution of the identified xlarge zooplankton (i.e. the predators: chaetognaths, jellyfish and the amphipod Themisto abyssorum) matched the distribution of the resource (Fig. 5) . The distribution of the most abundant small zooplankter, the herbivore Calanus finmarchicus CIII, matched the resource at 3 stations and undermatched the resource at 6 of the 9 resource-heterogeneous stations (Fig. 5) .
DISCUSSION
Habitat choice theory provides a powerful synthetic framework for dealing with the distribution of foraging organisms (Morris 2003) . In pelagic communities, zooplankton distributions throughout the water column display patterns that can be explained by habitat choice. Extensive sampling of the above distributional patterns in marine systems is possible using automated sampling devices, as implemented in this study. The observed patterns of vertical distribution were repeated across transects ). When present together, different size classes of zooplankton partitioned the water column, sharply segregating in different depth habitats. Small zooplankton typically stayed below the food-rich layers occupied by large zooplankton.
The observed configuration of depth habitat use is consistent with the expectations of habitat choice theory for unequal prey competitors (Brown 1998) . In Fig. 1 ). Interpretation of resource matching by predators (xlarge zooplankton) and prey (C. finmarchicus CIII): (a) predator match, prey undermatch; (b) predator match, prey undermatch; (c) predator match, prey match; (d) predator match, prey undermatch; (e) predator match, prey match; (f) predator match, prey undermatch; (g) predator no match, prey undermatch; (h) predator match, prey match; (i) predator match, prey undermatch the presence of size-selective predators with a preference for smaller prey, the small zooplankters are the competitively superior but more vulnerable prey. Small zooplankton therefore should choose the resource-poor habitat refuge, whereas larger zooplankton are competitively displaced from the habitat refuge and choose the resource-rich habitat with the predator (Fig. 6a) . Medium-sized zooplankton positioned themselves at the interface between food-rich and foodpoor depth layers, where predation pressure was expected to decline rapidly and competition by small zooplankton was less intense. The observed depth habitat use by medium-sized zooplankton would thus balance starvation and predation risk, assuming an intermediate competitive ability and vulnerability relative to small and large zooplankton . The small zooplankton in our OPC data were mostly represented by Calanus finmarchicus CI through III, so our interpretation above implies that the smaller stages of C. finmarchicus press resources to a level lower than that tolerated by the larger C. finmarchicus stages, which are competitively displaced. The distribution of young copepodite stages of C. finmarchicus throughout the water column varies with latitude and season (Mauchline 1998) . When the small copepodites are reported in surface waters, their distribution is often explained by optimal feeding conditions (Hirche et al. 2001) . However, optimal feeding conditions alone cannot explain the deep distribution that we observed, since the small zooplankton are found in low resource areas (Fretwell & Lucas 1969) . However, this distribution can be explained by including predation risk from predators feeding selectively on small zooplankton (Lima 2002) . When present, the xlarge zooplankton, which included predators of small copepodites, was found in the resource-rich habitats, as expected from multi-trophic level habitat choice theory (Sih 1998 , Primicerio 2005 , which holds that predators should hunt in the habitat nutritionally most profitable for their prey (Sih 1998) .
The predators of small zooplankton identified in the MOCNESS samples (chaetognaths, jellyfish and the amphipod Themisto abyssorum) were matching the resource level of their prey at almost all resourceheterogeneous stations; the net samples are therefore consistent with multi-trophic level habitat choice theory and the OPC findings for the xlarge zooplankton. At the resource-heterogeneous net stations we also found undermatching of the resource by the most abundant small zooplankter, the herbivore Calanus finmarchicus CIII, further supporting our interpretation of the OPC data according to multi-trophic level habitat choice theory.
The MOCNESS data seem unsuitable to test habitat choice hypotheses that assume resource heterogeneity throughout the water column, since the MOCNESS samples covered a much smaller fluorescence range (0 to 2.8) than the OPC (0 to 6.6), missing the more resource-heterogeneous water columns. Segregation between small and large zooplankton was clear in the more heterogeneous columns (max. fluorescence > 3) sampled by the OPC. This is a general sampling problem because high intensity patches (hot spots of fluorescence) are rare and therefore likely to be missed by low-coverage sampling equipment such as nets. Extensive sampling techniques (lacking taxonomic information), such as the OPC, are therefore necessary to test hypotheses on distribution of different zooplankton size groups in heterogeneous environments. Additionally, to overcome sampling challenges set by a strongly advective environment we might have to tolerate lower taxonomic resolution. Automated sampling techniques lacking taxonomic information can never replace net samples, but may provide complementary information, which is particularly valuable when sampling techniques are inter-calibrated, as was attempted in this study.
. Community modules (upper panels, arrow thickness depicts interaction strength) and corresponding adaptive configurations of habitat use by interacting foragers (lower panels). Resource availability is assumed to be heterogeneous among habitats (H 1 , resource-rich habitat; H 2 , resource-poor habitat). (a) Configuration of habitat use for a 3-trophic level community module containing small zooplankton prey (C S , competitively superior but vulnerable to predation), large zooplankton prey (C L , competitively inferior and less vulnerable to predation), and their shared predator (adapted from Brown 1998). (b) Configuration of habitat use for a 4-trophic level community module containing zooplankton (C S and C L ), invertebrate predators (P S ) and planktivorous fish predators (P L )
The large zooplankton in our OPC data included Calanus finmarchicus CV. Late copepodite stages of C. finmarchicus are often reported in deep waters (Mauchline 1998) , where their presence is explained by predator avoidance of size-selective predators that forage on the older, larger stages (Kiørboe 1997 , Aksnes et al. 2004 ). In our study, size-selective predators of large zooplankton were probably absent. In the absence of their predators, the larger zooplankton aggregated near the surface, in the resource-rich habitat. It may also be speculated that large zooplankton were competitively displaced from the deeper water layers by smaller zooplankton (Mittelbach et al. 2004) , which have lower resource demands (Mauchline 1998 , Hirst & Bunker 2003 .
Along the Norwegian coast, size-selective predators of large zooplankton are typically represented by planktivorous fish (Huse & Toresen 1996 , Dale et al. 2001 , which in the southern Barents Sea become more important in summer (Huse & Toresen 1996) . In the study area, newly hatched Mallotus villosus larvae, born in spring, feed on small zooplankton (Pedersen & Fossheim 2008) . In summer, these larvae will have reached juvenile stage and a size that allows them to feed on larger zooplankton. This ontogenetic niche shift changes the predation regime experienced by the different zooplankton sizes. Additionally, in the same period, larger fish larvae and juveniles (mainly Gadus morhua and Clupea harengus) are advected onto the shelf of the southern Barents Sea, contributing to the summer increase in predation risk for large zooplankton.
Assuming different predation regimes, habitat choice theory can explain the variation in distributions of ontogenetic stages of Calanus finmarchicus in late spring (this study) versus mid-summer (Aksnes et al. 2004) . A mid-summer setting including planktivorous fish would thus involve a fourth trophic level where, according to theory, the fish predator is expected to reside in the resource-rich habitat (Rosenheim 2004 ). The fish predator will have a preference for larger zooplankton, including invertebrate predators (our xlarge size group) of small zooplankton. The small predators and the large zooplankton are then expected to seek the habitat refuge, whereas the small zooplankton will choose to stay in the resource-rich habitat with the fish predator (Fig. 6b) . The fish predator protects small zooplankton from their main predators. This configuration of depth habitat use is found in zooplankton in mid-summer in Norwegian waters (Aksnes et al. 2004) .
Our interpretation of the observed patterns of zooplankton distribution is different from the predatoravoidance hypothesis, which states that visual predators hunt near surface to be able to see their prey (sensory constraint) and that zooplankton prey move down to avoid visual predators (e.g. Aksnes et al. 2004 ). This explanatory framework, based on a sensory constraint of visual predators, misses the co-evolutionary aspect addressed by multi-trophic level habitat choice theory. The latter theory predicts that predators should hunt in the habitat most profitable for their prey independently of hunting strategy (visual, tactile or otherwise). As such, it represents a more general theory explicitly addressing the frequency-dependent nature of these behavioural adaptations. The multitrophic level habitat choice theory is able to explain the seasonal change in zooplankton configuration, whereas the visual predator-avoidance hypothesis cannot explain the spring configuration of zooplankton found in this study, since most of the identified predators are invertebrates (and non-visual predators) and thus not limited to the upper water column. We therefore recommend that theories based on frequencydependent behaviour (such as the multi-trophic level habitat choice theory), developed and extensively tested in terrestrial and limnological studies, be considered when interpreting small-and mesoscale patterns in the marine environment.
The present study shows that body size is an important component in predicting habitat choice by zooplankton consumers because it affects minimum maintenance levels and vulnerability to predators. Extensive fine-resolution data from an OPC allowed recent developments in habitat choice theory as applied to marine zooplankton to be tested. The observed configuration of habitat use is consistent with the expectations of multi-trophic level habitat choice theory with unequal prey competitors. Marine zooplankton seem to choose their habitat according to a balance between starvation and predation risk throughout the water column. 
